Abstract-We study the scaling laws for the throughputs of two coexisting wireless networks that operate in the same geographic region. The primary network consists of Poisson distributed legacy users of density n, and the secondary network consists of Poisson distributed cognitive users of density m, with m > n. The primary users have a higher priority to access the spectrum without particular considerations for the secondary users, while the secondary users have to act conservatively in order to limit interference to the primary users. With a practical assumption that the secondary users only know the locations of the primary transmitters, we show that both networks can achieve the same throughput scaling law as a stand-alone wireless network if proper transmission schemes are deployed, where a finite throughput is achievable for each individual secondary user (i.e., zero outage) with high probability 1 .
I. INTRODUCTION
Initiated by the seminal work of Gupta and Kumar [1] , the throughput scaling law for large-scale wireless networks has become an active research topic [2] - [5] . Considering n nodes that are randomly distributed in a unit area and grouped independently into one-to-one source-destination (S-D) pairs, Gupta and Kumar [1] showed that typical time-slotted multi-hop architectures with a common transmission range and adjacentneighbor communication can achieve a sum throughput that scales as Θ n/ log n . In [2] , with percolation theory, Franceschetti et al. showed that the Θ ( √ n) sum throughput scaling is achievable. In [4] , Grossglauser and Tse showed that by allowing the nodes to move independently and uniformly, a constant throughput scaling Θ(1) per S-D pair can be achieved. Recently,Özgür et al. proposed a hierarchical cooperation scheme to achieve a sum throughput that scales linearly with n [5] .
In recent years, the ever-growing demand for frequency resource from wireless communication industries imposes more stress over the already-crowded radio spectrum. However, a recent report by the Federal Communications Commission (FCC) Spectrum Policy Task Force indicated that over 90 percent of the licensed spectrum remains idle at a given 1 This work is partially supported by the NSF grants CNS-0627118 and CNS-0721935, the DoD grant HDTRA-07-1-0037, the China High Technology R&D Program grant 2007AA10Z235, and Guangzhou applications and fundamental research grant 2006J1-C0331. This work was done when C. Yin was visiting Texas A&M University from 2007 to 2008. time and location [6] . This motivated the regulation bodies to consider the possibility of permitting secondary networks to coexist with licensed primary networks, which is the main driving force behind the cognitive radio technology [7] . In a secondary network, the cognitive users opportunistically access the spectrum licensed to primary users, where the primary users have a higher priority and the secondary users need to prevent any harmful interference to the primary users. In this overlaid regime, the throughput scaling law for both the primary and secondary networks is an interesting problem. Some preliminary work along this line appeared recently. In [8] , Vu et al. considered the throughput scaling law for a single-hop cognitive radio network, where a linear scaling law is obtained for the secondary network. In [9] , Jeon et al. considered a multi-hop cognitive network on top of a primary network and assumed that the secondary nodes know the location of each primary node. With an elegant scheme, they showed that by defining a preservation region around each primary node, both networks can achieve the same throughput scaling law as a stand-alone wireless network, while the secondary network may suffer from a finite outage probability.
In a practical cognitive network, it is hard for the secondary users to know the locations of primary receivers (RXs) since they may keep passive all the time. A reasonable assumption is that the secondary network knows the locations of the primary transmitters (TXs). Based on this assumption, we define a preservation region just around each primary TX and propose corresponding transmission schemes for the two networks. We show that when the secondary network has a higher density, both networks can achieve the same throughput scaling law as a stand-alone wireless network, with zero outage for the secondary users with high probability (w.h.p.).
The rest of the paper is organized as follows. The system model is described in Section II. The proposed protocols for the primary and secondary networks are discussed in Section III. The scaling laws of the secondary and primary networks are established in Sections IV and V, respectively. Finally, Section VI summarizes our conclusions.
II. SYSTEM MODEL
In this section, we describe the system model and assumptions about the primary and secondary networks.
A. Network Model
Consider the scenario where a network of primary nodes and a network of secondary nodes coexist over a unit square. The primary nodes are distributed according to a Poisson point process (P. P. P.) of density n and randomly grouped into oneto-one source-destination (S-D) pairs. The distribution of the secondary nodes is following a P. P. P. of density m. The secondary nodes are also randomly grouped into one-to-one S-D pairs. As the model in [9] , we assume that the density of the secondary network is higher than that of the primary network, i.e., m = n β , with β > 1. For the wireless channel, we only consider the large-scale pathloss and ignore the effects of shadowing and small-scale multipath fading. As such, the normalized channel power gain g(r) is given as
where r is the distance between the TX and the corresponding RX, and α > 2 denotes the pathloss exponent. We also assume that the primary network is the licensed user of the spectrum and thus has a higher priority to access the spectrum. The secondary network opportunistically accesses the spectrum while keeping its interference to the primary network at an "acceptable level". In this paper, the "acceptable level" means that the presence of the secondary network does not degrade the throughput scaling law of the primary network.
We further assume that the secondary network only knows the locations of the primary TXs and has no knowledge about the locations of the primary RXs.
B. Transmission Rate and Throughput
The ambient noise is assumed as additive white Gaussian noise (AWGN) with an average power N 0 . During each time slot, we assume that each TX-RX pair deploys a capacityachieving scheme, and the channel bandwidth is normalized to be unity for simplicity. Thus the data rate of the k-th primary pair is given by
where · stands for the norm operation, P p (k) is the transmit power of the k-th primary pair, X p,tx (k) and X p,rx (k) are the TX and RX locations of k-th primary pair, respectively, I p (k) is the sum interference from all other primary TXs to the RX of the k-th primary pair, I sp (k) is the sum interference from all the secondary TXs to the RX of the k-th primary pair. Likewise, the data rate of the l-th secondary pair is given by
where P s (l) is the transmit power of the l-th secondary pair, X s,tx (l) and X s,rx (l) are the TX and RX locations of the l-th secondary pair, respectively, I s (l) is the sum interference from all other secondary TXs to the RX of the l-th secondary pair, and I ps (k) is the sum interference from all primary TXs to the RX of the l-th secondary pair.
In the following discussion, we use λ p (n) and λ s (m) to denote the throughputs per node for the primary network and the secondary network, respectively. We use T p (n) and T s (m) to denote the sum throughputs for the primary network and the secondary network, respectively.
III. NETWORK PROTOCOLS In our proposed scheme, the primary network deploys a modified time-slotted multi-hop transmission scheme over that in [9] . The secondary network adapts its protocol according to the primary transmission scheme.
A. Primary Network Protocol
• We divide the unit square into small-square primary cells. The area of each primary cell is a p = 2 log n n .
• We group the primary cells into primary clusters, and each cluster has K 2 p = 25 primary cells. We split the transmission time into TDMA frames, where each frame has 25 time slots that correspond to the number of cells in each primary cluster. In each time slot, one cell in each primary cluster is chosen to be active. The cells in each primary cluster take turns to be active in a round-robin fashion. All primary clusters follow the same 25-TDMA transmission pattern.
• When a primary cell is active, one node within the cell is chosen to be a TX node. The packets generated by the TX node are transmitted to a RX node in its adjacent cells, then relayed to the destination. We define the data path along which the packets traverse as the horizontal line and then the vertical line connecting a source and its corresponding destination, as shown in Fig. 1 . The packets will be forwarded from cell to cell first along the horizontal data path (HDP), then along the vertical data path (VDP).
• At each transmission, the TX node transmits with power of P 0 a α 2 p , where P 0 is a constant. The nodes in each cell take turns in transmission when the cell is active. We recall the following lemma from [9] .
Lemma 1: (Jeon et al.) For the primary network, the following facts hold w.h.p.: (a) The number of total primary nodes in the unit square is within ((1 − )n, (1 + )n), where > 0 is an arbitrarily small number. (b) Each primary cell contains at least one primary node.
B. Secondary Network Protocol
• We divide the unit area into square secondary cells with size a s = 2 log m m .
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• Define a preservation region as a square containing M 2 secondary cells around a particular primary cell in which an active primary TX (not the RX) is located, where M is an integer and the value will be defined later.
• The secondary network follows the 25-TDMA pattern to communicate. We let the duration of each secondary TDMA frame equal to that of one primary time slot. The relationship between the primary TDMA frame and the secondary TDMA frame is shown in Fig. 2 .
• As shown in Fig. 3 , a particular secondary TX node outside the preservation regions transmits packets to the next hop toward its destination along the HDP and VDP paths, which are defined in the same way as that in the primary protocol. When a secondary TX falls into a preservation region 2 , it buffers the packets and waits until the preservation region is cleared, then delivers the packets to the next-hop relay node.
• At each transmission, the acitve secondary TX node can only transmit to a node in its adjacent cells with power of P 1 a α 2 s , where P 1 is a constant. The secondary nodes in each secondary cell take turns in transmission when the cell is active. From Lemma 1, we guarantee that each secondary cell also contains at least one secondary node w.h.p.. Note that the value of K s is not necessarily the same as K p . Here we choose K s = K p for simplicity. Now, let us discuss how to choose the value of M . Considering the fact that the primary TX may only transmit to a node in its adjacent cells, the preservation region should accommodate at least 9 primary cells to protect the potential primary RX. Since the primary RX may be located close to the outer boundary of the 9-cell region, we should add another layer of protective secondary cells. As such, any active secondary TXs outside the preservation region are at least onelayer-away from the potential primary RX. Therefore, we define the side length of the preservation square region as
where p > 0 defines a protective strip around the 9 primary cells in the preservation region. There is a tradeoff in choosing the value of p . If we choose a larger p , the interference from the secondary network to the primary network will be less. 2 Note that the secondary nodes located in the preservation regions can receive packets from TXs outside the preservation regions. However, the opportunity for the secondary network to access the spectrum will also be less since the unpreserved area in the unit square will be reduced. In the following discussion, we set p = √ a s for simplicity. Thus, the minimum value of M can be set as
where · denotes the flooring operation. In the last equation of (5), we applied a p = 2 log n n , a s = 2 log m m , assuming that n is large enough.
Note that the preservation region defined here is larger than that in [9] due to the fact that we only know the locations of primary TXs, and we call the unpreserved region as the "active region". Since the locations of preservation regions change periodically according to the active time slots in the primary TDMA frame, from the point view of a specific secondary node, it is periodically located in the active region. We define the following term to measure the fraction of time in which a secondary node is located in the active region.
Definition 1:
The opportunistic factor of a secondary node is defined as the fraction of time in which the secondary node is located in the active region.
We have the following lemma. Lemma 2: With the proposed transmission protocol, we have the following results: (a) The minimum opportunistic factor for a secondary node is η = 9 25 , for n is large enough. (b) Each individual secondary node has a finite opportunity to transmit its packets to the chosen destination, i.e., zero outage, w.h.p.. Proof: Consider one primary cluster of 25 primary cells as shown in Fig. 4 , where the preservation regions are illustrated as the shaded area when the upper-left primary cell is active in this and neighboring clusters. The primary cells will take turns to be active over time and the locations of the preservation regions will change accordingly. We can easily verify that any point in the cluster has a finite opportunity to be in the active region when n is large. However, during each period of a primary
This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings. . The condition that a secondary node is located in the active region is not sufficient to ensure that it can transmit packets to the destination along the pre-defined data path. Recall that the secondary network also deploys a TDMA scheme with adjacent-neighbor transmissions. The sufficient condition to ensure that each individual secondary node has a finite chance to transmit packets is that the secondary cell in which the node is located will be assigned with at least one active secondary TDMA slot within each secondary frame, whenever the cell is in the active region. Since in each primary time slot, we have one complete secondary TDMA frame, the above sufficient condition is then satisfied.
Based on the above discussions, during each period of a primary TDMA frame, each secondary cell has a finite opportunity to be located in the active region with a minimum opportunistic factor of η = 9 25 , and each of them is assigned with a secondary TDMA slot. The secondary nodes within a secondary cell take turns in transmission when the cell is active. Thus, the packets from any secondary source have a finite opportunity to be transmitted along the predefined data path to the chosen destination w.h.p., since the total number of transmitting nodes in each secondary cell is upper-bounded w.h.p. [9] . This completes the proof.
IV. THROUGHPUT ANALYSIS FOR THE PRIMARY NETWORK For the primary network, the main results are given in the following theorem.
Theorem 1: With the primary protocol defined in Section III, the primary network can achieve the following per-node throughput and sum throughput w.h.p.:
We recall the following lemma from [9] . Lemma 3: (Jeon et al.) With the given primary network model, the number of primary S-D paths (including both HDPs and VDPs) passing through each primary cell is upper-bounded by 4 √ 2n log n w.h.p.. As such, we have the following lemma, with the main logical flow in the proof being motivated by that in [9] .
Lemma 4: With the primary protocol defined in Section III, each primary cell can support a constant data rate of K 1 , where
Proof: In a given primary time slot, suppose we have Q p active primary cells and Q s active secondary cells. The data rate supported in the i-th active primary cell can be calculated as follows:
where 1 25 denotes the rate loss due to the 25-TDMA transmission in the primary network. Note that since there is only one active primary link in each primary cell, we index the active link in the i-th active primary cell as the i-th active primary link in the whole network. In Fig. 5 , we show the primary interference sources to the primary RX of the transmission from the i-th active primary cell, where the shaded cells represent the active primary cells based on the 25-TDMA protocol. From the figure, we see that we have 8 primary interferers with a distance of at least 3 √ a p , 16 primary interferers with a distance of at least 7 √ a p , and so on. Thus, I p (i) is upper-bounded as
where we used the relationship that P p (k) = P 0 a α 2 p for all k's and the fact that the series
−α converges to a constant for α > 2. Due to the preservation regions, a minimum distance √ a s can be guaranteed from all secondary active TXs to any active primary RXs. Thus, I sp (i) is upper-bounded as
where we used the fact that P s (k) = P 1 a α 2 s for all k's. Therefore, we have
where the relationship that X p,tx (i) − X p,rx (i) ≤ 5a p is used (see Fig. 5 ). This completes the proof. Now we give the proof for Theorem 1.
Proof: Consider the proof of the per-node throughput in (6) . We need to show that there are deterministic constants c > 0 and c < +∞ to satisfy
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A loose upper bound of the per-node throughput for the primary network is achieved when the secondary network is absent. Gupta and Kumar [1] have already showed that such an upper bound given in (11) exists. With (10) established, the proof of the lower bound follows a similar logic to that in the proof of Theorem 1 in [9] .
According to the definition, the scaling law of sum throughput can also be easily established. This completes the proof.
V. THROUGHPUT ANALYSIS FOR THE SECONDARY NETWORK For the secondary network, we give the main results by the following theorem.
Theorem 2: With the secondary protocol defined in Section III, the secondary network can achieve the following per-node throughput and sum throughput w.h.p.:
The difference between the primary and the secondary transmission schemes arises from the presence of the preservation regions. When their paths are blocked by preservation regions, the secondary transmitters buffer the packets and wait until the next hop is available. Lemma 5: With the proposed secondary protocol, each secondary cell can support a data rate of K 2 , where K 2 > 0 is independent of m.
Proof: Due to the presence of the preservation regions, a minimum distance of √ a p from all primary TXs to a specific active secondary RX can be guaranteed. At a given secondary time slot and at the i-th secondary cell, the interference from all active primary TXs is upper-bounded as 
where we applied the same technique as in the proof of Lemma 4 to obtain the upper bound. Likewise, I s (i) is upperbounded by I s = P 1 ∞ t=1 8t(4t − 1) −α , which converges to a constant. Thus, the data rate supported by each secondary cell is lower-bounded as
where 1 25 indicates the data rate loss due to the 25-TDMA transmission scheme and η represents the penalty due to the presence of the preservation region (see Lemma 2) . Thus, we can guarantee a constant rate K 2 > 0 for nodes in each secondary cell, which completes the proof.
Lemma 6: With the secondary network protocol, the number of S-D paths passing through each secondary cell is upperbounded by 4 √ 2m log m w.h.p.. The proof of Lemma 6 is the same as the proof of Lemma 3 in [9] .
The proof of Theorem 2 follows the same logic as that in the proof of Theorem 1.
VI. CONCLUSION
In this paper, we studied the coexistence of two wireless networks with different priorities, where the primary network has a higher priority to access the spectrum, and the secondary network opportunistically explores the spectrum. When the secondary network has a higher density, with our proposed protocols, both of these networks can achieve the scaling law promised by Gupta and Kumar in [1] . Comparing with the recent result in [9] , we only assumed the knowledge about the primary TX locations and there is no outage penalty for the secondary nodes.
